To identify and characterize specific mRNAs that increase in abundance during differentiation of mouse 3T3-L1 preadipocytes, a cDNA library was constructed from poly(A)+ RNA isolated from differentiated 3T3-L1 adipocytes. Mixed probe isotope ratio selection and RNA vine peripheral nerves, respectively, as well as 23% and 30% homology with fatty-acid binding proteins from rat liver and intestine, respectively. Moreover, the mRNA hybrid selected by pAL422 DNA directs the in vitro translation of an =13 kDa polypeptide, and this protein is specifically immunoprecipitated by antiserum against bovine myelin P2. These observations strongly suggest that the 422 protein is a structural, and possibly functional, analog of myelin P2.
ABSTRACT
To identify and characterize specific mRNAs that increase in abundance during differentiation of mouse 3T3-L1 preadipocytes, a cDNA library was constructed from poly(A)+ RNA isolated from differentiated 3T3-L1 adipocytes. Mixed probe isotope ratio selection and RNA blot analyses have identified several unique cI)NA clones that represent mRNA species expressed either exclusively or at dramatically increased levels in differentiated cells. Further characterization of one such clone (pAL422) revealed that the corresponding mRNA, detectable only after differentiation, is approximately the same length (600 + 150 bases) as the cDNA insert (672 bases). The complete nucleotide sequence of the cDNA insert in pAL422 revealed a single long open reading frame that encodes a 132 amino acid polypeptide (the 422 protein) of 14.6 kDa. These and other results suggest that this cDNA may represent a nearly full-length copy of the mRNA. Computerassisted analyses showed that the 422 protein shares 69% and 64* homology with myelin P2 proteins from rabbit and bovine peripheral nerves, respectively, as well as 23% and 30% homology with fatty-acid binding proteins from rat liver and intestine, respectively. Moreover, the mRNA hybrid selected by pAL422 DNA directs the in vitro translation of an =13 kDa polypeptide, and this protein is specifically immunoprecipitated by antiserum against bovine myelin P2. These observations strongly suggest that the 422 protein is a structural, and possibly functional, analog of myelin P2.
The 3T3-L1 cell line, isolated by Green and Kehinde (1, 2) , represents a useful model system for investigating the mechanisms of cell differentiation. Under appropriate conditions, 3T3-L1 preadipocytes, which initially resemble fibroblasts, differentiate into adipocytes in cell culture (1) (2) (3) . The differentiation process is accompanied by a dramatic increase in the activities of the enzymes associated with de novo lipogenesis (3) (4) (5) (6) (7) (8) and triglyceride mobilization (9) , as well as an increased sensitivity to lipogenic and lipolytic hormones (10) (11) (12) . The cells accumulate triglyceride (1) (2) (3) and acquire the morphological characteristics of adipocytes (13) isolated from normal adipose tissue. There is good evidence that, for some of the lipogenic enzymes (e.g., fatty acid synthetase), the increases in activity during differentiation arise from increased rates of enzyme synthesis (6, 14, 15) . More recently, it has been demonstrated by in vitro translation assays (15, 16) and by hybridization to cloned cDNAs (17) that the levels of mRNAs corresponding to several adipocyte-specific enzymes increase significantly during the differentiation process.
The MATERIALS AND METHODS Cell Culturing. 3T3-L1 preadipocytes were maintained in Dulbecco's modified Eagle's medium supplemented with 10% calf serum until differentiation was initiated according to the procedure of Reed and Lane (11) . In this protocol, confluent cell monolayers were incubated for 48 hr in medium containing 10% fetal bovine serum/methylisobutylxanthine (115 ug/ml)/insulin (10 gg/ml)/dexamethasone (390 ng/ml). After 48 hr, the cells were washed free of methylisobutylxanthinie and dexamethasone and maintained in medium containing 10% fetal bovine serum and insulin at 10 ,ug/ml, at which time the cells express the adipocyte phenotype within 48 to 72 hr.
Nucleic Acid Isolation and in Vitro Translations. Total cellular RNA was isolated by the procedures described by Chirgwin et al. (18) except that chloroform/butanol (4:1, vol/ vol) was used for deproteinization. The RNA was separated from any traces of DNA or protein by pelleting through CsCl (19) . Poly(A)+-containing RNA was prepared as described by Aviv and Leder (20) . In vitro translations were done as described by Angus et al. (15 Screening of the total cDNA library for clones that hybridize to differentially expressed mRNA was accomplished according to the double-label ratio method of Berger et al. (22) . Briefly, radioactive single-stranded cDNA probes corresponding to mRNAs from undifferentiated and differentiated cells were synthesized as described above. The undifferentiated probe was labeled with [3H]dATP, and the differentiated probe was labeled with [32P]dATP. After mixing equivalent amounts of radioactivity (typically 1 x 106 cpm of each probe), the mixed probe was used for colony hybridization (23) . Each colony was cut from the filter and counted to determine the ratio of 32p to 3H in the hybridized DNA. Those clones that exhibited a 32P/3H ratio >2 SD above the average ratio were scored as positive and studied further.
RNA Blot Analysis. Recombinant plasmids were prepared by the alkaline lysis procedure (24) , banded in a CsCl gradient, and nick-translated according to Maniatis et al. (25) . For RNA blot analysis, poly(A)+ mRNA was denatured with glyoxal, electrophoresed on 1% agarose gels, transferred to Gene Screen (New England Nuclear), and hybridized using the protocol of Thomas (26) .
Hybrid-Selected Translation. Ten micrograms of plasmid were fragmented by boiling for 15 min in H20. The sample (typically 50 pl) was dotted in 5-,l aliquots onto a 1-cm2 PALL Biodyne A membrane (Pall Trincor, Cortland, NY). The filter was baked for 2 hr at 80'C, and any unbound DNA was eluted by boiling in 1.0 ml of deionized formamide. The filter was cut into 1-mm squares and hybridized with 150 ,ul of a buffer containing 1507500 Ag of total RNA isolated from differentiated 3T3-L1 adipocytes/50% deionized formamide/50 mM 1,4-piperazinediethanesulfonic acid buffer, pH 6.4/0.4 M NaCl/0.2% NaDodSO4 for 16 hr at 42°C. After washing 2 times with 1.0 ml of 750 mM NaCl/75 mM Na citrate/0.1% NaDodSO4 at 50°C, 5 times with 1.0 ml of 150 mM NaCl/15 mM Na citrate/0.1% NaDodSO4 at 50°C, and 2 times with 1 mM EDTA (pH 7.0) at room temperature, the RNA was eluted from the filter by boiling for 60 sec in 300 ,ul of 2 mM EDTA (pH 7.0). The RNA was recovered by ethanol precipitation using 10 ,ug of calf liver tRNA as carrier.
Template Construction and DNA Sequencing. To sequence both strands of the cDNA insert of pAL422, four unique single-stranded templates were constructed. One template was generated from pAL422 by cleaving the plasmid with Sal I restriction endonuclease and treating the resultant fragments with Exo III. Two additional templates were produced by recloning the cDNA insert of pAL422 into the Pst I site of the single-stranded DNA bacteriophage M13mp9 (27) 
RESULTS
Construction of a cDNA Library and Recombinant Screening. Differentiation of 3T3-L1 preadipocytes is accompanied by significant changes in the levels of expression of a number of specific mRNA species (15) (16) (17) . As an approach to the analysis of the mechanisms that regulate these changes, we have isolated cDNA clones corresponding to adipocyte-specific mRNAs. Differentiation of confluent 3T3-L1 cells was induced by treatment with methylisobutylxanthine, dexamethasone, and insulin. Polyadenylylated RNA was isolated 48 hr after methylisobutylxanthine and dexamethasone withdrawal. At this time, the rate of lipogenic enzyme synthesis is maximal (6) . Double-stranded cDNA was synthesized using avian myeloblastosis virus reverse transcriptase and tailed with dCTP using terminal deoxynucleotidyl transferase. The product was annealed with Pst I-digested dGMPtailed pBR322 and used for transformation ofE. coli MM294.
The resultant cDNA library was screened by the doublelabel procedure of Berger et al. (22) to identify clones representing differentially expressed mRNA species. In this procedure, colony hybridizations (23) were carried out using a mixed probe containing 1 x 106 cpm of single-stranded [32P~cDNA prepared from the mRNA of differentiated cells (adipocytes) and 1 x 106 cpm of single-stranded [3HIcDNA prepared from the mRNA of undifferentiated cells (preadipocytes). After hybridization, the 32P/3H ratio in the DNA annealed to each colony was determined by liquid scintillation counting. Fig. 1 (30) . These results show that clones pAL122, pAL421, and pAL422 hybridize to differentially expressed mRNA and that the cellular content of those messages increases dramatically during preadipocyte differentiation.
Nucleotide Sequence Analysis of cDNA Cloned in pAL422. As described above, the plasmid pAL422 hybridizes specifically to an mRNA that exhibits a relative mobility that corresponds to a length of 600 ± 150 bases (Fig. 2) . lid other experiments, we determined that the cDNA insert in pAL422 was -680 bp long (data not shown). These observations suggested that this cDNA clone may represent a nearly fulllength copy of the mature mRNA. To confirm this conclusion, and perhaps identify the protein encoded by the mRNA, the nucleotide sequence of the cDNA insert in pAL422 was determined.
The complete nucleotide sequence of the cDNA cloned in pAL422 is shown in Fig. 3 . There was complete agreement between sequences derived from overlapping templates. Moreover, the entire sequence of this cDNA clone was verified by sequencing both strands. Translation of this sequence revealed a single long open reading frame that extends from nucleotide 2 through nucleotide 439. Assuming that translation in vivo is initiated at the ATG codon at position 44, this cDNA consists of a 43-base 5'-untranslated region, a 399-base sequence that encodes a 132 amino acid protein of 14,633 kDa, a 172-base 3'-untranslated region, and a 41-base poly(A) tail. The 3'-untranslated region contains the consensus polyadenylylation signal sequence, A-A-T-A-A-A, positioned 20 bases upstream from the beginning of the poly(A) tail itself. This position is consistent with the location of the polyadenylylation signal, 17-20 bases prior to the poly(A) tail, described for most eukaryotic mnRNAs (31) . In addition, the first 9 bases of the 5'-uhtranslated region are highly complementary to the postulated mRNA binding site sequence of the 3' end of eukaryotic 18S ribosomal RNA (3' (32) . Such complementarity suggests that the 5'-untranslated region may contain a ribosome-binding site. This possibility is consistent with the interpretation that the cDNA cloned in pAL422 is a nearly full-length copy of the mRNA.
A computer-assisted search of protein sequence libraries showed that the protein encoded by the cDNA clone in pAL422 (hereafter referred to as the 422 protein) shared significant homology with several proteins that are related to one another (Fig. 4) . As shown in Fig. 4A , the 422 protein is highly homologous to both rabbit (35) and bovine (36) myelin P2 proteins (69o and 64% homology, respectively) produced by Schwann cells (37) . These homologies strongly suggest that the 422 protein is structurally related to myelin P2. This conclusion is further supported by three additional observations. First, the best homologies are achieved without the introduction of gaps in any sequence. Second, many of the amino acid differences represent conservative substitutions. Third, the molecular sizes of both bovine and rabbit myelin P2 (114.8 kDa) and the 422 protein ('14.6 identical. The excellent agreement among the molecular sizes and primary sequences of these proteins also supports our assumption that translation is initiated at the ATG codon at position 44.
The computer search also revealed that the 422 protein shares homology with the fatty acid binding proteins of rat intestine (38) and rat liver (39) (Fig. 4B) (14.6 kDa) inferred from the sequence data shown in Fig. 3 . Furthermore, the data in Fig. 5 show that this -13-kDa polypeptide is specifically immunoprecipitated* by anti-bovine myelin P2 antiserum (41) 
DISCUSSION
This report describes the construction of a cDNA library using mRNA isolated from differentiated 3T3-L1 cells. Screening of the library via isotope ratio selection has identified cDNA clones that hybridize to mRNAs that are expressed either exclusively or at dramatically increased levels in differentiated cells (e.g., pAL122, pAL421, pAL422). Also examined was pAL15, a control clone representing the majority of mRNA species whose abundance is not affected by differentiation. We have also examined the regulation of f3-and y-actin sequences using the clone for chicken brain actins, pAl, described by Cleveland et al. (29) . The data in Fig.  2 reveal that actin mRNA(s) are among a class of mRNAs that decrease in abundance during differentiation, in agreement with the results of Spiegelman and Farmer (30) . The availability of cDNA clones representing these three classes of mRNA provides the means for further analysis of the mechanism(s) that produce the alterations in mRNA levels that accompany preadipocyte differentiation. Furthermore, the cDNA clones will enable us to isolate and characterize genomic clones.
As shown in Fig. 5 , pAL422 DNA hybrid-selects mRNA that directs the in vitro translation of a 13-kDa protein. Similarly, in vitro translation of mRNA hybrid-selected by pAL122 DNA generates a 40-kDa protein (data not shown).
Proteins with these molecular sizes (13 and 40 kDa) are among the most abundant proteins in 3T3-L1 adipocytes. Thus, our screening strategy has led to the identification of cDNA clones that represent two of the major proteins that are differentially expressed during adipocyte conversion. Spiegelman et al. (17) have isolated a cDNA clone from 3T3-F442A adipocytes that encodes a differentiation-dependent 13-kDa polypeptide, which they suggest may be fatty acid binding protein (38, 39) . Our results clearly indicate that the 422 protein is not fatty acid binding protein (see Fig. 4B ).t
The cDNA insert in clone pAL422 has been characterized in detail and appears to represent a full-length copy of its tAntibody against rat liver fatty acid binding protein (40) (Fig. 3) . The long open reading frame contains the primary sequence of an adipocyte analog of myelin P2. Two lines of evidence support this conclusion. First, the predicted amino acid sequence of the 422 protein is 69% homologous to rabbit myelin P2 protein and 64% homologous to bovine myelin P2 protein (Fig.  4A) . Second, mRNA hybrid-selected by pAL422 DNA directs the in vitro translation of a 13-kDa protein that is immunoprecipitable with anti-bovine myelin P2 antiserum (Fig.   5 ).
We also observed that the 422 protein is 23% and 30% homologous to fatty acid binding proteins from rat liver and rat intestine, respectively (Fig. 4B ). This suggests that the 422 protein, as well as the myelin P2 proteins, may serve as an intracellular lipid carrier or transport protein. It is interesting to note that the amino-terminal sequences of cellular retinol binding proteins and cellular retinoic acid binding proteins from rat and bovine sources (42, 43) share 30%-60% homology with rat liver fatty acid binding protein, bovine myelin P2, as well as rabbit myelin P2 and 422 protein (data not shown). These homologies suggest that the lipid (fatty acid, sterol, etc.) or retinoid binding site(s) may reside in the amino termini of these proteins. The homologies further suggest that the 422 protein and myelin P2 proteins may function as lipid transport proteins in adipocytes and Schwann cells, respectively.
